We design and simulate a polarizing color filter with a sub-wavelength metal-dielectric grating. It manifests several advantages: a large acceptance angle (up to 50°), high transmittance (74.3%-92.7%), low absorption loss (∼3.3%), and a high extinction ratio. This polarizing color filter can be integrated into a liquid-crystal display (LCD) backlight system to simultaneously recycle the light according to its color and polarization. In combination with a specially designed directional backlight, this newly proposed LCD system can theoretically improve optical efficiency up to ∼2.5×, and also provides a large ambient contrast ratio and a wide view. Our approach enables an ultra-low-power LCD without using the complicated field-sequential-color technique.
INTRODUCTION
Power consumption is a critical issue for all kinds of liquidcrystal displays (LCDs), such as smartphones, computers, and TVs [1] . For an LCD, two major components affecting the power consumption are polarizers and color filters. Most of the high-contrast, full-color LCDs employ two crossed polarizers and spatial color filters (CFs). A linear polarizer absorbs about one half, while each CF absorbs more than two-thirds of the incident backlight, such as a white LED (light-emitting diode). As a result, the total optical efficiency of an LCD system is only about 5%-7%.
To reduce the optical loss of polarizers, one can utilize a linearly polarized LED light source [2] or incorporate a reflective polarizer to recycle the unused polarization [3] [4] [5] [6] . A reflective polarizer transmits one polarization while reflecting the other. It can introduce polarization recycling within the backlight and thereby enhance the light efficiency by ∼60%. Two examples of reflective polarizers are 3M's dual brightness enhancement film [3] , and the wire grid polarizer (WGP) [4] [5] [6] . However, both devices cannot reduce the light loss in color filters.
To eliminate spatial color filters, one could consider a temporal field-sequential-color (FSC) technique. However, the FSC demands a fast liquid crystal (LC) response time (<1 ms) to suppress the color breakup, which is still challenging for nematic LCDs [7, 8] . An angular color separation backlight [9, 10] has also been proposed to reduce the optical loss of color filters. It uses a specially designed grating to angularly separate the light according to its wavelength. Each red, green, or blue beam then passes through a matched color filter with little loss. However, this technique requires several optical elements, e.g., a grating and microlens structures, etc., to collimate the light. Thus, the display system is complicated. Moreover, due to the angular separation, the output angle for each color does not overlap. This effect introduces a significant color shift.
Recently, grating-based color filters have received a great deal of attention [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Instead of using absorptive pigments, these grating-based color filters separate colors via diffraction, interference, or the surface plasmon effect. The light outside the transmission band is reflected instead of being absorbed. Therefore, this device is highly energy efficient. The grating CF array can also have a high density and is resistant to material degradation. As a result, they are attractive for various applications, including solar cells [11] , image sensors [12] , and reflective displays [13, 14] . However, most grating CFs are angular sensitive, and they require complex optics to collimate the incident light [15] [16] [17] . This drawback severally limits their applications. Although some reflective grating CFs with much reduced angular sensitivity have been recently proposed [13, 14] , the transmission-type grating CF with a high transmittance and large angular tolerance remains a technical challenge. For a wide-view transmissive LCD, normally, the backlight has a quasi-Lambertian distribution; therefore, we cannot directly apply the grating CF in the backlight system.
In this paper, we propose a new grating CF design with a large angular tolerance and high transmittance. This grating CF can replace the bottom polarizer and the absorptive pigment CFs in conventional LCDs. It only transmits the light with the desired polarization and colors, while reflecting the rest for recycling. Thus, the backlight system can simultaneously recycle the light according to its color and polarization. As a result, the optical efficiency of the LCD can be enhanced by ∼2.5×. We can also combine this grating CF with directional backlight to achieve a high ambient contrast ratio, wide viewing angle, and low power consumption. Our approach offers a simple solution for ultra-low-power LCDs without the sophisticated FSC technique.
GRATING COLOR FILTER DESIGN
We first describe the grating-based polarizing CF, which has dual functions as a linear polarizer and a color filter. Figure 1(a) shows the device structure. The flexible PMMA structure (n 1.48) is first coated with a thin layer of magnesium fluoride (MgF 2 ) with a thickness of h 1 40 nm, and then is covered by a compound grating of aluminum (Al) and MgF 2 with a thickness of h 2 100 nm. Different CFs have different grating periods Λ and duty cycles f . After the iterative parameter scan [16] , we obtained the following geometrical parameters for each CF: (Λ 150 nm, f 0.76) for blue, (Λ 110 nm, f 0.86) for green, and (Λ 110 nm, f 0.92) for red.
We simulated the grating's optical performance with the Gsolver V5. 2 [24] , an electro-magnetic simulation software based on the rigorous coupled-wave analysis (RCWA) [25, 26] . The RCWA is a rigorous solution to the full-vector Maxwell's equations, except for the truncation of the Fourier expansion when a numerical simulation is performed. We can achieve the RCWA's numerical convergence by including a sufficient number of diffraction orders. The RCWA also allows us to examine the diffraction efficiency of each diffraction order. From the simulation results, we found that the zeroth-order diffracted wave is dominant. This is because our grating structure is sub-wavelength, so only a zeroth-order diffracted wave can propagate, while higher-order diffracted waves become evanescent [20] .
A typical LCD pixel size is around 8-50 μm [1] , while the sub-wavelength grating period is ≤150 nm; therefore each pixel corresponds to a grating with >50 grating periods. With such a large number of grating periods, we can safely apply the RCWA without considering the effect of a finite grating period [26] .
In the simulation, the dispersion information associated with Al was derived from the Lorentz-Drude model [27] . MgF 2 was assumed to have a constant refractive index of 1.38 with a negligible optical loss, while the PMMA substrate has a constant refractive index of 1.48. The RCWA simulation is performed for the transverse electric (TE) and transverse magnetic (TM) input waves separately. As Fig. 1(a) shows, the TE and TM waves have an electric field and magnetic field parallel to the grating orientation (y direction), respectively. Figure 1 (b) depicts the TM transmission spectra for the blue, red, and green CFs. The transmission spectra are normalized to the input fields. They exhibit evident color-filtering properties. The peak transmissions for the blue, red, and green CFs are 92.7%, 84.7%, and 74.3%, respectively. This unmatched peak transmission could be attributed to the dispersion property of Al. In the blue region, Al shows a metallic-like behavior and acts as a low-loss plasmonic material, while in the red region, the imaginary part of the dielectric constant increases, which leads to decreased transmittance. A more detailed explanation can be found in [24] . Figure 1 (c) shows the simulated TM reflection spectra. It exhibits a reflection dip, which is like a reversal to the transmission spectra. By adding the reflectance and transmittance together, we find that the grating structure has very little absorption loss (∼3.3%) for the TM light. Most of TM-polarized light is either transmitted or reflected for recycling.
The TE reflection and transmission spectra are also shown in Figs. 1(d) and 1(e). They have a fairly low transmittance to TE light. The extinction ratios (the ratio of TE/TM wave transmission, i.e., E xt T TE ∕T TM ) for red, green, and blue (RGB)-polarizing CFs are 4.2E4, 1.0E5, and 1.8E5, which are much larger than that of commercial sheet polarizers (∼6E3) [1] . Therefore, this polarizing CF could replace the commercial sheet polarizers employed in LCDs to further improve the contrast ratio.
A common issue with the grating CF is its tight angular tolerance. For most optical gratings, the color-filtering property originates from light diffraction and interference on the periodic structure. Thus, it highly depends on the light's incident angle. Several one-dimensional (1D) grating CF designs have been studied previously [15] [16] [17] . However, all of them exhibited a very strict angular tolerance (<10°), i.e., they showed a substantial color variation when viewed slightly off-axis. In a normal edge-lit LCD backlight system, the light distribution is around the 50°∼ 60°cone angle. Therefore, the previously proposed structure cannot be used in LCD backlighting. 
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On the contrary, our proposed polarizing CF manifests a low angular sensitivity. Figure 2 (a) compares the TM transmission spectra for the light incident at 0°and 20°. Their difference is very small. Figures 2(b), 2(c), and 2(d) further show the transmission spectra versus the incident angle for the R, G, and B polarizing CFs. As the light incident angle increases from 0°to 50°, both the peak transmission wavelength and the full width at half-maximum (FWHM) of the transmission band are almost the same. This angular independence is an important advantage of our proposed design. It can be used in an LCD backlight without introducing angular-dependent color variation.
To understand the origin of this unusual transmission performance, we simulated the light field distribution inside the blue polarizing CF. Figure 3 (a) plots the TE field distribution.
The light incident from the air side cannot penetrate into the grating structure due to surface plasmon excitation [6, 20] , and is therefore reflected. As a result, the polarizing CF exhibits an excellent extinction ratio for TE transmission.
On the other hand, the TM wave in Fig. 3 (b) manifests strong localized Fabry-Perot cavity resonance inside the MgF 2 slits. Most of the field is confined within the dielectric slits; only a tiny portion is extended into the metal region. By leaking through the dielectric slits, the incident TM wave can transmit the grating with a low absorption loss.
In a typical grating-based color filter, there are two types of resonance effects that lead to color filtering behavior [22] : (1) the grating resonance, i.e., the constructive interference from a periodic structure. This grating resonance is strongly dependent on the incident angle [15] [16] [17] . (2) Localized FabryPerot resonance [21, 22] , i.e., the result of standing wave formation from the two counter propagating waves in the metal-dielectric-metal slits. This Fabry-Perot resonance is strongly related to the slits' depths and widths, as well as the index match between the metal/dielectric materials, and is less dependent on the incident angle. Our structure filters the light by Fabry-Perot resonance, and therefore has a relatively large angular tolerance. Table 1 compares the optical performance of several transmission-type grating CFs in terms of FWHM, peak transmission, and angular tolerance. A typical 1D grating [15, 16] has iridescent light transmission and is very sensitive to the incident angle. A 2D plasmonic grating with cross-holes [18] and a 1D metal-dielectric-metal (MDM) stack [19] manifest wide-angle color filtering properties, but their peak transmission is fairly low. Moreover, both structures are difficult to fabricate by nano-patterning for large area. Some angle-insensitive reflective grating CFs were also proposed [14] , but they are based on omnidirectional light absorption and therefore cannot be utilized for transmissive display applications.
Compared to previous designs, our polarizing CFs possess several attractive properties: high transmittance (74.3%-92.7%), low absorption loss (∼3.3%), a high extinction ratio (>1E4), and a large angular tolerance (up to 50°). Moreover, the proposed polarizing CF is a typical 1D grating whose geometric features are similar to those of the WGP. The WGP has been commercialized and can be fabricated using several approaches, such as interference lithography, nano-imprinting, and the roll-to-roll process [5, 17, 19] . These mature technologies can also be employed to pattern the polarizing CF on a large scale with low cost. 
LCD SYSTEM DESIGN
Our polarizing CF has a large angular tolerance and can be directly applied in the LCD backlight. However, a typical edgelit LCD backlight with a light guide plate (LGP) and crossed brightness enhancement films has a large output cone angle of 50°− 60°. To further mitigate the angular-dependent color variation, here, we propose to combine the polarizing CF with directional backlighting [28] . Figure 4 depicts the schematic diagram of the newly proposed LCD system. It consists of an LED light source, a directional LGP, a polarizing CF, and an LCD panel, as well as a top-engineered diffuser. Here, the directional LGP is a key element. It extracts the LED light by its bottom microstructure, and then collimates the light by the microlens on its top surface, as shown in Fig. 4 . Therefore, the light entering the LCD panel is relatively collimated, which is essential for improving the LCD's contrast ratio and reducing the color shift [28] [29] [30] [31] [32] .
After the light exits the LC panel, it is spread out by the top diffuser to achieve a wide view. The top diffuser is like an inverted microlens array [31] . The light is focused on the central area of each microlens, and then diffused into a large cone angle. In this way, the LCD can provide a wide view, high contrast ratio, and an indistinguishable color shift. For a sunlightreadable display, the ambient light is reflected from the device surface as noise, which in turn degrades the contrast ratio. To reduce surface reflection, we can deposit a black matrix on top of the diffuser. As Fig. 4 shows, the top diffuser focuses the light into a small area; thus, the remaining ∼80% unused area can be covered with a black matrix without sacrificing the LCD transmittance. This black matrix absorbs the ambient light and enhances the ambient contrast ratio. More detailed information on the directional backlight and diffuser has been provided in [28, 31] .
We simulated such an LCD system with the non-sequential ray tracing software LightTools 8.0 [33] . Figure 5(a) shows the light angular distribution before it impinges on the LC cell. The directional LGP collimates the backlight to 10°cone angle. Figure 5 (b) plots the angular light intensity distribution after the light passes through the top diffuser. Light is scattered to a much wider cone angle to ensure a wide view. We also calculated the ambient reflection, which is only ∼2%. Therefore, the display should exhibit a high ambient contrast ratio.
To understand the superiority of the proposed directional backlight, we performed an optical analysis by an integral geometrical optics/wave optics simulation [28] . Without losing generality, we consider the single-domain vertical aligned (VA) LCD mode [34] . The LC material is Merck MLC-6882 (Δn 0.097 and Δε −3.1), and cell gap is 4 μm. The resultant on-state voltage is ∼5.1 V rms , and the response time is ∼10 ms. The LC pre-tilt angle is 1°along the 135°azimuthal direction. The single-domain VA mode is difficult to achieve in the wide view; thus a multi-domain structure with compensation films has to be used [35, 36] . To show the advantage of the proposed directional backlight design, here, we use a singledomain VA without any compensation film as an example. We calculated the contrast ratio [1] (the transmittance ratio in the voltage on/off states). Figures 6(a) and 6(b) show the simulated isocontrast contour of the single-domain VA LCD with conventional backlight and directional backlight, respectively. In Fig. 6(a) , the high contrast ratio (CR) region is limited to a ∼20°viewing cone, while in Fig. 6(b) , CR > 100:1 extends to 80°. If we add compensation films, then the isocontrast of CR 3000:1 would cover the entire 80°viewing cone [28] . conventional backlight [Fig. 6(c) ], the LCD suffers from serious grayscale inversion even at a relatively small viewing angle. But with directional backlight, the gamma curves are almost indistinguishable [ Fig. 6(d) ] from the 0°to 60°viewing angles. This means that the image quality remains almost the same at different viewing angles.
The majority of present LCD TVs employ a multi-domain vertical alignment (MVA) structure because it exhibits a high contrast ratio and wide viewing angle [35, 36] . Although MVA has achieved tremendous success, it still has some drawbacks: (1) some dead zones exist between different domains, which lowers the transmittance, and (2) its color shift and gamma shift are still noticeable. Our proposed LCD backlight enables a wide view by using a simple single-domain VA LCD. Therefore, it helps reduce the LC panel fabrication cost while improving the optical efficiency and image quality.
As discussed in Section 2, the proposed polarizing CF has angular tolerance of 50°. Since the specially designed LGP collimates the backlight to the 10°cone, we can safely apply the polarizing CF in the LCD system without worrying about the color shift.
As Fig. 4 indicates, the polarizing CF is sandwiched between the LC panel and the directional backlight. Each polarizing color filter, say, green, only transmits TM polarization with the green color, while reflecting the other TM light outside the green band as well as all the TE polarization. The reflected light is recycled within the backlight system. In Fig. 4 , we intentionally laminate one anisotropic A-plate on top of the bottom reflector to enhance the polarization conversion. The system optical efficiency is enhanced as the recycled TE wave is partially converted to TM. Moreover, during recycling, the reflected TM light with a different color has the potential to transmit through other appropriate polarizing CFs, e.g., red and blue. Thus, the polarizing CFs redistribute the light output with an appropriate polarization and color, and significantly reduce the light loss due to polarization or color mismatch.
As Fig. 2(b) shows, the polarizing CF has a relatively broad transmission band that may induce color crosstalk. This issue should be taken into consideration in the LCD backlight system design. To ensure good color purity, we could employ either RGB LEDs or quantum-dot-enhanced white LEDs [37] [38] [39] as the light source. Figure 7 depicts the emission spectrum (black solid lines) of a quantum dot backlight.
The emission bandwidth is relatively narrow, thus, they are less affected by the polarizing CFs. To further ensure good color purity, we can keep the spatial color filters after the polarizing CF (Fig. 4) . The transmission spectra of the absorptive CFs are shown as dashed lines in Fig. 7 . They match well with those of polarizing CFs (solid lines). Even though the absorptive CF is employed, the polarizing CFs have already redistributed the output light with different colors to match the transmission band of the absorptive CFs. Therefore, the optical loss introduced by the absorptive CFs is minimal.
Another important concern for LCD backlight is whether the light recycling would deteriorate the color collimation behavior. Since our employed diffractive optical element is a sub-wavelength structure, it only propagates the zeroth-order diffracted wave. Thus, the light propagation behavior can still be modeled by ray optics. We tested the angular distribution of the directional LGP after several light propagating cycles in LightTools, and found that the light is still well collimated. The loss during each recycle is less than 10%. This is because the directional LGP does not contain any absorptive or diffusive microstructure.
OPTICAL PERFORMANCE
By combining the polarizing CF with an LCD system, we can obtain several advantages: high contrast, wide view, low ambient light reflection, and mitigated angular-dependent color variation. The most significant benefit is the optical gain due to light recycling. Here, we derive an analytical equation to calculate the optical gain.
Let us assume an unpolarized light source consisting of 50% TE and 50% TM waves. Without losing generality, we first consider the propagation behavior of blue light in the backlight system. We also define the blue, green, and red polarizing CFs as having a transmission of (T 1 , T 2 , T 3 ) and reflection of (R 1 , R 2 , R 3 ), respectively, for the TM wave, and zero transmission and unity reflection for the TE wave.
When the blue light first impinges on the polarizing filter array, there is a 1/3 probability that it will transmit through the blue CF, i.e., the matched one. There is also a 2/3 probability that it will hit the green or red filter (the unmatched CF). Although some blue light may still transmit through the unmatched polarizing CF, it will be absorbed by the subsequent absorptive CFs and does not contribute to the display brightness. As a result, only the TM wave hitting the blue CF can transmit. The transmission ratio is T 1 ∕6. On the other hand, the reflection upon the first hit consists of all the reflected TE and reflected TM waves from the unmatched filters. Therefore, the total reflection is 1∕2 R 2 R 3 ∕6.
The reflected light is recycled within the backlight system. We assume during each light recycling that the light intensity would be reduced by a factor of T . When the light is incident on the polarizing CF for the second time, its transmittance is equal to 1∕2 R 2 R 3 ∕6 T . We also assume the light becomes completely unpolarized after the recycling. This is an idealized assumption that sets the best scenario for our estimation. Similar to our previous analysis, the ratio of light that can transmit the second time is T 1 ∕6 1∕2 R 2 R 3 ∕6T , and the ratio of light reflection is T∕2 R 2 R 3 ∕6 2 T . This iteration repeats, and we can sum up all the transmission terms and obtain the total output transmittance as
On the other hand, without applying polarizing CF, the light from backlight has a 1/6 probability of reaching the LC panel (1/2 from the absorptive polarizers, and 1/3 from the absorptive pigment CFs). Therefore, after introducing the polarization and color recycling, we can obtain the optical gain factor G as
According to Eq. (2), a high transmission for matched color (T 1 ), high reflection for unmatched color (R 2 , R 3 ), and a high backlight factor (T ) are the key factors for achieving a high optical gain, G. Next, let us assume the backlight has a ∼10% recycling loss (T 0.9), which matches with the LightTools simulation. Using the reflection and transmission spectra (Fig. 7) in Eq. (2), we can obtain the gain spectrum for RGB polarizing CFs. Figure 8 (a) plots the simulated optical gain. Each polarizing CF provides a large optical gain (2.2 × ∼3 × ) for the light at the peak transmission wavelength. In particular, the blue polarizing CF exhibits the largest optical gain (∼3×), while the red polarizing CF has a slightly lower gain (∼2.2×) due to the lower grating transmission.
We also calculate the light output spectrum by considering the absorptive CF spectrum and quantum-dot (QD) light source spectrum. Figure 8(b) shows the calculation results. The LCD output intensity spectra with and without light recycling are shown by the dashed lines and solid lines, respectively. It is evident that the light intensities of all three colors are enhanced by 2-3 × .
The light output from each color channel also maintains excellent color purity after recycling. Figure 9 plots the color gamut in the CIE1976 color space. The LCD covers ∼132% of the AdobeRGB region. Therefore, the light efficiency is enhanced without sacrificing the color performance.
CONCLUSION
In summary, we propose a directional LCD backlight system that can simultaneously recycle light according to its color and polarization. To the best of our knowledge, this is the first time that such a concept has been proposed. A novel polarizing CF is also designed, and it exhibits several advantages: high transmittance (74.3%-92.7%), low absorption loss (∼3.3%), a high extinction ratio (>10; 000:1), and a large angular tolerance (up to 50°). Combined with the directional backlight design, the proposed LCD system can achieve a ∼2.5× system efficiency enhancement, as well as a high ambient contrast ratio and wide view. Our approach has potential applications for ultra-low-power LCDs without using the complicated field sequential color technique. Research Article
